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Abstract. We present experimental results on the in vitro and in vivo
study of dye diffusion into human skin and hair follicles. We have
studied some commercially available dyes for potential using in the
laser selective thermolysis. The degree and the depth of hair follicle
dyeing inside the skin were determined. For hairs in different stages
the sebaceous gland was stated as a reservoir for a dye administration.
It was found that the penetration depth of dyes is about 1.2 mm from
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1 Introduction follicle. We have studied the human body hairs from the fore-

The area of application of selective laser photothermolysis &M and lower leg in various stages: anagen, catagen, and
includes cancet;® various diseases of skin and hair follicles, t€l0gen. The hair in the anagen stdgeure 1a)]™* contin-

and hair removai=® The main natural absorber is the melanin U€S 0 produce a hair shaft for a period from a few months to
concentrated in a hair shaft and follicular papilla. Unfortu- 2 few years. During this period its structure remains constant.
nately, absorption of the melanin in hair shafts is not so high The expanded, bulbous section of the lower hair follicle, in-
at 700—850 nm. Optical density of hairs from red-haired sub- cluding the hair matrix and the dermal papilla, is known as the

jects is abouD.1+0.05and that from brown-haired subjects hair bulb. The isthmus of the follicle is the portion lying in
is about0.45+0.210 between the point of attachment of the arrector pili muscle

In the skin an absorber of laser energy mel&if or and the point of entry of the sebaceous gland duct. The in-
special absorbers as carbon partities dyes—°can be used. ~ fundibulum lies above the entry of the sebaceous duct and
For follicle diseases treatment the dyes, carbon, and melaninMerges with the surrounding surface epidermis. Hair follicle

preparations can be administered topicXiff-2° Selective length in different sFages changes with .ollevelopment, hpwever,
absorption of laser radiance by absorbers induces intense heafhe area of the follicle from arrector pili muscle to skin sur-
and damage of the target cells. face remains permanent.

For effective removing of unwanted or excess hairs or for  Just external to the hair shaft are the three layers forming
treatment of skin diseases, especially acne, designing the techthe inner root sheattiRS). External to the IRS is the clear-

Itis expected that NIR dyes absorbing at the shorter wave- follicle (below the isthmus the ORS does not keratinize. The
lengths than the strong water bands should have the maximalnonkeratinized inner layer of cells lies against the fully kera-
selectivity, because the absorption of any biological compo- tinized IRS. At the level of isthmus, where the IRS disinte-
nent of the skin and its appendages is very low in this wave- grates, the ORS keratiniz€5.Hair follicle length in the
length range. Commercially available medical and food dyes @nagen stage is about 3 mm. The hair canal, infundibulum,
have been studied. Absorption spectra of all dyes and skinand ltghe sebaceous gland are a path for in depth penetration of
samples were measured. Pre- and postdyed epilated haiflye:  The sebaceous gland can serve as a reservoir for the
samples and biopsy hair samples were collected and analyzeddye™* The higher concentration of the dye within the seba-

We have designed the technology of dyeing of the human skin ¢e0us gland can provide the dye diffusion into the depth of the
and hair follicles. hair follicle and skin. At the level of isthmus, where the IRS is

desintegrated and keratinized ORS makes only a few cells
layer, the dye can diffuse in surrounding tissue and into the
depth more effectively then through the stratum corneum on
the skin surface.

Atelogen hair is distinguished by its fully keratinized club,
which is surrounded by an epithelial sfgigure c)].2%
Telogen progresses over a period of about 3 months. Hair

2 Hair Structure

The structure of hair and its changing in different stages are of
great importance for in-depth dyeing of the hair shaft and
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Fig. 1 Anatomy of a hair follicle: (a) anagen, (b) catagen, and (c) telogen stages (see Ref. 21).

follicle length in the telogen stage decreases to about 1 mm. licles have several anatomic features that are peculiar to this
The transitive stage between anagen and telogen is thephase of the life cycle. Above the papilla, the follicular epi-

catagen stage. The dramatic changes seen during catagen atéelium remains as a thin column of pale-staining, nonpig-

condensed into a brief period of 2 or 3 weeks. Catagen fol- mented, undifferentiated cell§igure 1b)].2>?* The length of
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In Vitro and In Vivo Study of Dye Diffusion

the hair follicle in the catagen stage varies from 1 to 1.5 mm. grade with exposure to daylight. The photodegradation is
Anagen hairs come in a variety of sizes ranging from the mitigated when ICG is bound to albumin, but it still proceeds
large terminal hairs found in the beard and on the scalp to the slowly (days. In long-term experiments the optical density of
fine minute vellus hairs covering most of the glabrous skin. Indocyanine Green solutions in plasma as well as in distilled
Both vellus and terminal hairs go through all stages of the water generally diminishes, even in the dark. On the seventh
follicular life cycle, but the length of the hair shaft and period day a new absorption maximum starts to appear\at
of anagen are much shorter in vellus h&ir&ollicular struc- =900 nm, possibly caused by further aggregate formation
ture of hairs in each stage is the same for all types of hairs. leading to much larger particlé3.The photodegradation is
We took an interest in vellus haifbairs on the leg and  also concentration dependéft.
arm relate to them They are involved in acne formation and A skin biopsy was done by a standard method with the use
usually are exposed to the laser selective thermolysis. of a biopsy punctiAcuderm Inc., USAfrom the exterior side
of the forearm of two healthy volunteers with brown hairs.
Skin with the growing hairs was chosen for the biopsy. Size of
a tissue sample was 2 mm in diameter and 4—5 mm in depth.
For in vitro study we used thpost mortem(24 h) human
skin samples with hairs. The area of the samples was about
2xX2 cm and the thickness was about 3—4 mm. Before the
experiments the samples were saved in saline. Skin was dyed
Blue, Toluidine Blue, Erioglaucine, and Fast Greemere by a Palomar ICG-lotiorflotion with Indocyanine Green de-
tested in our previous papé. veloped by Palomar Medical Products Inc., USA, on the base
Absorption spectra of all dyes in the 400-1500 nm wave- of a glycerol-ethanol-water mixture adding DMBfor 30
length range were recorded by the spectrophotometer CARY-min. The dyeing solution was spread only on the center part
2415 “Varian” (Australia). of the epidermal surface of the samples. The method of dye-
Various liquid carriers, often used in cosmetic prepara- ing in vitro was the same &s vivo. To provide a temperature
tions, were chosen as solvents of the dyes. Concentration offegime corresponding tm vivo experiments the skin samples

3 Methods and Materials

We used the following dyes: the Phospholipid Nanoemulsion
with carbon particles, the food dye Indigo Carmine, and medi-
cal dye Indocyanine GreefAldrich Chemical Co., USA
Some other commercially available dyés.g., Methylene

Indigo Carmine(IC) was 10 mg/ml and concentration of In-
docyanine GreeflCG) was in the range from 1 to 4 mg/ml.
The Phospholipid NanoemulsigN) was dissolved in veg-
etable oil up to volume fraction 0.1.

The human skin test sites wefex<5 cm rectangular in

were placed into the water bath. The temperature inside was
about 37 °C. Dyed human skin biopsy samples were taken
using the same procedure as foriarvivo biopsy.

Optical color imaging microscopy was used for the study
of the epilated and biopsy hair samples. Photos of all the

size. Preoperative preparation included the treatment of thesamples were done by the video-microscopic system based on

site by ethanol or hot compress in 5—10 min. Then the warm a VHS color camera Panasonic NV-RX70ERbkyo, Japah

dyeing solution was spread on the skin surface of a volunteer. interfaced with a personal computer.

For increasing of the dye diffusion into a hair follicle we have The dyeing of the human skin surface was also examined.

applied massage and heatifgp to 45 °C). The time of the ICG and skin interaction were studied using a tape stripping

procedure was 15—20 min. Then the dyeing solution was re- method?®> The skin surface was dyed with a Palomar ICG-

moved by a cotton wool tampon impregnated by warm water. lotion, and then the lotion was deleted. A few skin strips of
Hair samples were taken from exterior side of the forearms 3—5um of thickness were done by adhesive t@geilti-Film,

and lower legs of six healthy volunteers with fair or brown TESA, Beiersdorf, Hambuigrom the same place on the in-

hairs. Hairs were epilated just after dyeing and after 15, 30 ner side of a forearm of volunteer and stuck on a subject

min, 1, 2, ad 5 h after dyeing. glass. Spectra of total transmission were recorded by the spec-
For in vivo and in vitro biopsy measurements we have trophotometer CARY-2415.

chosen Indocyanine Green as a dye having the greatest ab-

sorption coefficient at 800 nm. ICG has a chemical formula of

C43H47N>,OgS,Na and molecular weight of 775. It is a tricar-

bocyanine type of dye with infrared absorbing properties. It 4 Results

has little absorption in the visible range. It is used as a diag- Figure Za) presents the absorption spectra of Phospholipid

nostic aid for blood volume determination, cardiac output, or Nanoemulsion with carbon particld®N) dissolved in veg-

hepatic function. ICG has been used extensively in laser weld- etable oil(1) and IC dissolved in glyceral2). The spectrum

ing because of its high absorption at wavelength 808 nm of of PN has a broad absorption band and no peaks in the visible

the powerful laser diodes. The principal advantages causingand NIR areas. IC has a broad absorption band. The peak of

the acceptance of this dye in medical practice were the pres-absorption is abou260 cmi ! at a wavelength of 620 nm. In

ence of an absorption maximum near the isobestic point of Figure Zb) the absorption spectra of ICG in different solvents

hemoglobin and oxyhemoglobin arouka 800 nm,the con- are shown. They have two peaks in 96 nm and infrared

finement to the vascular compartment by binding to plasma (IR) areas(789 nm). These dyes can be applicable for a ther-

proteins, the very low toxicity, and the rapid excretion, almost mal treatment provided by He—N&33 nn), ruby (694 nn),

exclusively into the bile. ICG has a somewhat bizarre light or diode (800 nm lasers. The analyzed dyes do not have

absorption behavior as a function of concentration because itabsorption peaks near 1064 nm.

tends to aggregate in water at high concentrations. This means Thermal degradation of ICG dissolved in a glycerol—

that the effective absorption does not increase linearly with ethanol-water mixture was studied. We did not find any no-

increasing of concentration. Furthermore, ICG tends to de- ticeable degradation of the solution and changes of its spec-
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Fig. 2 Absorption spectra of dyes recorded by a spectrophotometer:
(@) Phospholipid nanoemulsion solution in vegetable oil at concentra-
tion 0.1 (vol/vol) (1—left axis), and Indigo Carmine solution in glyc-
erol at concentration 10 mg/ml (2—right axis); (b) Indocyanine Green
in various solvents at concentration of 1 mg/ml and in two Palomar
ICG lotions (1—Palomar ICG lotion-1, 2—ICG in glycerol, 3—ICG in
propylene glycol, 4—ICG in ethanol, 5—Palomar ICG lotion-2,
6—ICG in water, 7—ICG in aloe vera gel).

trum when increasing the lotion temperature upl@0 °C
during a half hour.

In Figure 2b) it is easily seen that in water and aloe vera
gel (based on waterthe IR ICG peak is suppressed for the

the top of the upper dyed area of the epilated kthie length

of this area is about 0.3 mmwhich presents the dyed seba-
ceous discharge attached to the hair shaft. Sebaceous dis-
charge filling the hair canal is well dyed due to the interaction
between the dye and protein components of the sebum. Then
an area of the hair without dye follow@bout 0.5 mm in
length because the dye does not diffuse into dense kerati-
nized tissue of a hair shaft. The dyeing lotion penetrates along
a hair shaft to the soft nonkeratinized tissues. This dyed area
is in the top of the hair club and is about of 0.2 mm in length.
The penetration depth of dye can be estimated from the image
as 0.95 mm. Dye distribution is well seen as green areas in the
color image within the hair canal, the sebaceous gland, and
the upper part of the club. It should be noted that we see only
areas with a rather high concentration of dye, evidently the
penetration depth of the dye is much higher. Due to the high
absorption of ICG we can expect effective thermolysis even at
depths bigger than 1 mm, where concentration of the dye is
not so high.

Figure 4 shows IC dyed hair in the telogen stage. The dye
was dissolved in glycerol. In the figure the sebaceous gland
area(blue areais seen. The dyed area of this follicle is ap-
proximately 0.3 mm and the depth of dyeing is correspond-
ingly about 0.7 mm.

The image of hair in the anagen stage treated by PN is
shown in Figure 5. Carbon nanoparticle distribution is well
seen as the black area. The penetration depth of PN is about
0.7 mm.

Figure 6 shows a hair biopsy sample with hair shafts in the
anagen and catagen stages done after ICG lotion application.
Dye distribution is seen as the green areas within the hair
canals and sebaceous glands.

It was found that the penetration depth of the dyes is dif-
ferent for hairs in the anagen, catagen, and telogen stages. The
depth is abou0.5+0.12 (sd) mm (averaged for 36 samples
for anagen hairs an€.9+0.18 (sd mm (averaged for 35
samples for catagen and telogen hairs.

71 hair sampleg7 biopsy and 64 epilatedvere studied.

36 samples were in the anagen st§g@ were dyed by ICG,
3—IC, and 7—PN and 35—in the telogen or catagen stages
(16—ICG, 9—IC, and 10—PN The mean depths of dye pen-
etration for the follicles are presented in the Table 1.

Figure 7 shows the optical spectra of the first and the sec-
ond strips of skin dyed by Palomar ICG lotion-2 and the spec-

chosen ICG concentration. A more pronounced IR peak cantrum of this lotion. The shift to the longer wavelengths of

be seen in water solutions at the less concentrations offCG.
Extremely high absorption abov&000 cmi® has Palomar

about 16 nm(for the first strip of the skifj and about 21 nm
(for the second strip of the sKifior the main absorption peak

ICG lotion-1 based on a glycerol—ethanol-water mixture and of ICG in the stratum corneum was defined.

DMSO. It is very remarkable that this lotion has a 1.8-fold

In comparison with a living tissue the ICG distributions in

higher absorption coefficient than ICG dissolved in any of the post mortendyed skin samples were more diffusive and

solvents at the same concentration of ICG. Absorption coeffi-

not so deefdthe depth is not more tha®.6+0.1 (sd) mm,

cients of Palomar ICG lotion-1 and lotion-2 are 1037 and averaged for six samplésThe transverse diffusion of dye

540 cmi' ! at 789 nm, respectively.
Two Palomar ICG lotions, IC solution in glycerol, and PN

around the hairdetermined from thgost mortemskin bi-
opsy is much biggefarea around was up t0.4+0.1 (sd

with carbon particles were tested. Figures 3—6 illustrate dye mm, averaged for six sampleshan for living tissue[0.1

penetration into the human skin fam vivo experiments. In

Figure 3 the image of a follicle in the telogen stage is shown.

+0.05(sd) mm, averaged for seven samgles
The study of time-dependent penetration of the ¢yair

The skin was dyed by Palomar ICG lotion-1 with the usage of epilation on 15, 30 min, 1, 2, @n5 h after dyeingat usual
massage and heat. For calibration of linear sizes of the imageprocedure of dyeing15—20 min at massage and heajihgs

a precise testing obje¢scale, shown in the imagevas used.

shown that the most intense dyeing of hair follicles was just

The skin surface is well seen in the image. It corresponds to after the procedure. The high intensity of dyeing remains for
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Fig. 3 Image of the hair in the telogen stage epilated from the dyed by
Palomar ICG lotion-1 forearm of the volunteer just after dyeing. Dye
distribution is shown as green areas within the hair canal, the seba-
ceous gland (SG), and the upper part of the club.

I

Fig. 5 Image of the hair in the anagen stage epilated from the skin of
volunteer’s forearm just after treatment by Phospholipid Nanoemul-
sion of carbon particles. Emulsion distribution is well seen as slightly
dark areas within the hair canal, the SG, and the upper part of the
club.

Fig. 4 Image of the hair in the telogen stage epilated from the dyed
skin of volunteer’s forearm just after dyeing (Indigo Carmine in glyc-
erol). Dye distribution is shown as the blue areas within the hair ca-
nal, the SG, and the upper part of the club.

Fig. 6 Image of biopsy of the skin from dyed by Palomar ICG lotion-1
forearm of the volunteer just after dyeing. The left hair shaft is in the
anagen stage and right one is in the catagen stage. Dye distribution is
shown as green areas within the hair canal and the SG.
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Table 1 Mean depth of the dyed area of the follicles after action of
some dyeing solution.

Mean depth of dyed area of follicle (mm)

Stage of hair follicle ~ ICG-lotion  IC in glycerol PN

Anagen 0.6%0.1 (sd) 0.5+0.1 (sd) 0.55+0.15 (sd)

Telogen and catagen 1.1+0.1 (sd) 0.9+0.1 (sd) 0.85+0.25 (sd)

levels of the follicle. The epilated hair contains: the whole
follicle, including the ORS as an outmost part of epilated
follicle. The upper part of the follicle and the ORS cells are
dyed. The basement membrane and dermis around the hair
follicle for some hairs also should be dyed.

The IRS, which normally disintegrates in the anagen fol-
licle at the level of the sebaceous duct, is totally absent in the
telogen follicle. That means that the keratinized portion of a
hair follicle increases with the forming of a hair club and a
gap(channel between the hair shaft and the keratinized ORS
forms. Thus, a dyeing substance diffuses more deeply. There-
fore, the penetration depth of the lotion for the catagen and

an hour, but then the intensity decreases. It is possible that thetelogen hairs should be highéas a distance from the skin

dye diffuses in ambient tissub h later after the procedure the
dye on the extracted follicles was imperceptible.

5 Discussion

surface. It is very important to say that the upper part of the
hair follicle, a so-called permanent portion, especially the area
around the sebaceous gland and even the isthmus, is always
dyed for all phases of hair growin¢catagen, telogen, or

Some understanding of the presented results follows from the@nagein

hair follicle and surrounding tissue structure for various stages
of a life cycle. The follicle is bound by a basement membrane
(“glassy membrane). The ORS is the most peripheral of the
cellular compartments. The permanent portion of the follicle
begins with the hair canal region, extending from the skin
surface to the level of the epidermal-dermal junction. Its
lower part later becomes the “infundibular unit.” That means,
that the region between epidermal-dermal junctiopened to
the skin surfaceand intraepidermal infundibulum is the path
for lotion penetration. Only a few cell layers of living cells of
the epidermis and the basement membramey thin sepa-
rate hair canal filled with lotion from dermis, which should
be, due to its fibrous structufeollagen fibers enough per-
meable for the lotion. Thus, the dermis around the ORS, the

To clean the skin surface thoroughly is important to elimi-
nate overheating of the skin upper layers when laser hair re-
moval is processed. The shift of the absorption bands of ICG
in strip optical spectra farther to the IR regitsee Figure ¥
is caused by ICG binding with organic molecules of a living
tissue. It will provide a more precise correspondence of the
acting laser radiation and dyed tissue target. In some papers it
was reported that the IR peak of ICG is moved due to binding
ICG with cell proteins: to 805 nm for the blofitland rabbit
skin in vivo,?” to 810 nm for epidermal cell culturé&in the
present study for the stratum corneum of the human gkin
vitro measurements aifi vivo dyed skin the peak was moved
to 805 and 810 nnisee, Figure ¥ Our study and the Weer-
sink et al. papéf show the influence of a free ICG compo-

ORS itself, as a living cell structure, can be dyed. In fact, in Nent taking place, because nothing was done to wash out free
the experiments sometimes the dyed area around the hair shafCG. where the IR peak is observed at 789-790 nm. Fick-
was about two times bigger than the diameter of the hair shaft. Weiler et a” washed out carefully free ICG from the studied
But usually the dyed area around the hair shaft was only Samples, that is why they exclude the influence of free ICG
slightly bigger than the diameter of the hair shaft, so ICG does @nd received pure spectrum of the bounded ICG at 810 nm.
not penetrate deeply within the dermis at least in high con- SPectra for Palomar ICG Iotlon-@ee, Figure @)] demon-
centration, but the living cells of the inner and outer root Strate that at the skin surfadene first strip we have some
sheaths were always dyed. The transient portion of the follicle Mixture of free and bounded IC(peak is at 805 ninand at

begins at the area of the bulge and extends to the deepesthe depth of 3—5um (the second stripall ICG is bounded
(peak is at 810 nm, corresponds well to the cell culture mea-

surements of Fickweiler et af®

72805 nm In comparison with a living tissue the ICG distributions in

018 \2789 nm 1 the post mortendyed skin samples were more diffusive and
018 |- S not so deegdthe depth is not more tha®.6+0.1 (sd) mm,
014 L f" a ‘\* averaged for six samplesThe transverse diffusion of dye

2 onz| J / Thensee around the haitdetermined fronpost mortenskin biopsy is

2 onol J // =810 nm much b|gg¢r[area around was up ﬁx4t 0.1(sd mm, aver-

° J | meranssawunas aged for six sampldsthan for living tissue{0.1+0.05 (sd)

8 °%r ‘-‘,“‘ S e - mm, averaged for 7 samplesThis might be explained by

S oost —— W.:r_,-"‘/ some degradation of the cells and the basement membrane of
004 | Seszauan //’ hair follicle. Nevertheless, the main pass of a dye penetration
o2l 7 is through the hair canal. The sebaceous gland serves as a
oo L , 1 . . reservoir.

300 400 500 600 700 800 900 1000

wavelength, nm

. 6 Conclusion
Fig. 7 Optical spectra of Palomar ICG lotion (solid curve, optical den-

sity is divided by 5) and two first strips (circles—the first strip,
squares—the second strip) obtained from the skin dyed by Palomar
ICG lotion-2.
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In this study we have investigated some dyes and absorbing
emulsion for potential use in laser selective thermolysis. The
values of the absorption coefficient of the dyes and emulsion



were obtained. Indocyanine Green is safe for humans. It has 9.
the greatest absorbency at 800—810 nm. Indigo Carmine is
suitable for use of the He—Ne lasé33 nm). Phospholipid
Nanoemulsion with carbon particles can be used for visible
and NIR irradiation.

We have developed ICG lotions and a method of dyeing
and have tested thein vivo. By the studying of epilated and
taken by biopsy hair follicles it was shown that the ICG pen-
etration depth is in the range from 0.3 to 1.2 mm depending , ,
on the hair growing stage.

It was found that dyes penetrate into the hair follicle

12.

through the hair canal and that the sebaceous gland serves a#.

a reservoir for more deep dye penetration. Fowivo skin
dyes are mainly distributed within a small area around the hair
shaft, which includes the inner and outer root sheaths cells

that should provide a high concentration of a dye in the area 14

around the hair shaft, i.e., more effective photothermolysis
under laser irradiation.

The shift on 21 nm of the absorption peak of ICG to the 17-
18.

longer wavelengths due to ICG binding with ceratinocytes in
the human skin was found.

Designed lotions and dyeing technology should be appli-
cable for laser photoimmunotherap§ and photodynamic
thergpa}zgs‘fl of hair follicle lesions as ICG is a photodynamic

dye:

20.
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